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X.  SUIIIAEY, 


E.E.D.E,  Technical  Note  l/TN/51  dealt  with  colloidal  propellants;  the 
present  Note  covers  plastic  and  highly-elastic  propellants.  The  discussion 
of  various  rocket  motor  requirements  leads  to  an  evaluation  of  the  mechanical 
properties  of  the  propellants  needed  to  satisfy  these  requirements,  and  to  an 
indication  of  the  methods  v.hich  should  be  used  to  test  those  mechanical 
properties.  Examples  arc:  ■. worked  out  for  P.I.B,  plastic  propellant  at  f)Q°C,, 
and  soft  rubber.  Various  highly-elastic  prupollant  systems  arc  discussed, 
and  speculations  ore  mad:  on  some  of  these. 


2.  OOKULUdlOh;'. 


The  following  more  or  less  opinionative  conclusions  relate  only  to  plastic 
or  highly-elastic  propellant  stuck  to  the  rocket  tubing,  Where  special 
charge  shapes  arc  not  mentioned,  figure:'  relate  to  the  use  of  the  propellant 
in  a  24.- inch,  contra!  conduit,  motor, 

2.1  The  compression  of  the  propellant  in  the  standard  'flow  tost1  must 
not  exceed  4-0  por  cent.  Present-day  plastic  propellants  should  also  be 
tested  occasionally  in  pure  shear,  using  a  range  of  stresses  and  results  com¬ 
pared  with  those  of  routine  co: rpre  colon  and  flow  tests, 

2.2  The  cohesive  strength  r.aist  exceed  0.4*  p.s.  i,  ,  multiplied  by  the 
stress-concentration  factor  appropriate  to  the  particular  motor  design  con¬ 
sidered, 

2.3  Precise  calculation  of  stress-concentration  factors  seems  unlikely 

to  be  possible.  Testa  with  photo-elastic  models,  or  similar  techniques,  must 
bo  used, 


2,4-  The  maximum  shear  in  the  propellant  on  teirpe nature  cycling  of  a 
cigar-burning  charge  is  about : 

0  =  0,001.  1  AT/a  radians 


Where  l  is  the  charge  length 

a  the  radius 

and  AT  the  temperature  range  in  centigrade  degrees. 

If  8  is  0.3,  and  the  range  is  +  G0°0,  to  -5h°C,  (14-09P,  to  ),  \/a 

must  not  exceed  4-. 

2,5  The  'crack  value*  of  propellants  must  exceed  about  4-0  per  cent. 

There  is  need  for  a  crack  value  test  using  rapid  stressing  of  the  propellant; 
tlie  result  of  such  a  test  must  exceed  about  20  per  cent.  The  fatigue  crack 
value  given  over  a  standard  very  small  number  of  cycle 3  (to  bo  stated  by  the 
Users)  in  the  fatigue  plastometer  must  exceed  £  2$  deformation  at  25°C.  ,  and, 
in  the  case  of  propellants  for  use  dovm  to  -54-°C . ,  £  5%  at  -4-0°C,  All 


/propellants 


iaij/u  lucsstB* 
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propellants  should  idthstand,  say,  1,000  cycles  at  1  &/o  deformation  at  2?°C , 
corresponding  to  extreiae  day  and  night  variations  in  temperature. 

2.6  Tiie re  is,  at  present,  no  indication  of  a  noed  to  improve  the  inpact 
strength  of  plastic  propellants. 

2.7  The  presence  of  air  (dispersed  or  otherwise)  in  a  charge,  leads  to 
very  severe  strains  or.  firing, 

2.8  The  limiting  charge  size  for  toasted  or  gun- launched  plastic  prop¬ 
ellant  motors,  "with  a  propellant  'viscosity1  of  10'  poises  at  the  upper  service 
temperature  limit,  appears  to  be  around  2  feet  in  diameter,  but  this  could  be 
increased  by  using  a  loir  loading  density,  specially  designed  ondrings,  etc. 

2.  9  The  acceleration  of  a  motor  filled  with  a  highly-clastic  propellant 
must  be  limited.  For  a  modulus  of  rigidity  of  h  x  10“  dynoo/squarc  cm. 

(soft  rubber),  the  acceleration  of  a  21 -inch  motor  must  not  exceed  about  60  g. 

The  size  of  a  gun- launched  rochet  filled  with  highly-clastic  propellant  must 
bo  severely  limited.  Under  the*«orst  charge  design  conditions,  a  3-lnch  motor 
filled  with  soft  rubber  should  withstand  at  least  100  g, 

2.10  The  'viscosity*  of  jp.I.B,  plastic  propellants  is  limited  to  10^ 
poises  at  60°C.  (I40°F. )  by  the  machinery  and  processing  temperatures  hot/ 
employed, 

2.11  Won- transient  pressure  gradients  down  the  gas  conduit  oi  a  large 

ro eke t  motor  should  not  exceed  sonic  10  p.s,i,/inch,  otherwise  longitudinal  -lo  ■< 
of  ji»«tic  propellant  or  deformation.  of  hi ghly— 1 elastic  propellants  may  become 
aovere.  For  small  non bets,  gradients  up  to  50  p, s. a, /inch  might  bo  tolerated. 

2.12  The  elastic  modulus  of  rigidity  and  damping  of  plastic  and  elastic 
propellants  should  be  measured  for  severe  rapid  loading  conditions  on^aiiting 
igniter  pre s sure  peaks,  etc, ,  so  that  the  deformation  unde r  si ich  conditions 
can  be  assessed  (see  also  2,5  relating  to  crack  value). 

2.15  Effects  duo  to  rotation  of  rockots,  especially  off-axis,  should  be 
calculated  before  firings  under  such  conditions  arc  made. 

2,  If  Deformation  of  the  propellant  duo  to  a  steady  10  g  sideways  accel¬ 
eration  ©f  a  .glided  missile  could  be  tolerated  by  plastic  or  elastic  propel  hud, 
in  motors  2  feet  in  diameter.  Transient  accelerations  could  bo  much  higlier 
in  tlie  case  of  plastic  propellants. 


5.  E-jThODtjCTIOn. 


5. 1  Scope, 

E  R  11, E,  Technical  Note  1/TN/51  dealt  with  colloidal  propellants,  not 
bonded  to  the  wall  of  the  xwcket  tube.  This  second  Note  covers  cases  where 
the  propellant  is  sufficiently  clastic  or  plastic  to  bo  bonded  to  ,he  tube. 
It  is,  in  many  respects,  an  elaboration  of  a  Technical  l-Iemo  random  by  James 
and  Ruraiicles  (l), 

3.  2  Charge  Design. 

The  following  common  charge  designs  are  considered: 

/(i) 
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(i)  Cigar-burning,  "the  charge  completely  filling  the  rocket 
tube,  which  is  cloned  at  one  end.  It  is  assumed  that  if 
such  charges  are  large,  they  trill  normally  be  stored 
vertically,  open  end  upwards, 

( ii)  Cone  and  cylindi-r  charge. 

(iii)  Ct  a  recent  red  charge  without  endring  s. 

(iv)  Star-centred  ciitr;'.-.  with  plane  ?ndrings.  and 


(v)  3 tar-central  charge  with  conical  endrlr.gs. 

Those  are  sketched  in  Fig,  1, 


3.3  Gynbols, 

The  following  symbols  arc  used  in  this  Koto;  C.G-.  S.  units  are  employed 
unless  other1, rise  stated: 


p  =  Cas  pros  sure, 

a  =  Inside  radius  of  rocket  motor  tube. 

t  =  Wall  thickness  of  tube,  or  time  (as  indicated  in 
context ) . 

r  =  Kadius  to  any  point  in  the  propellant. 

1  =  Length  of  tube  filled  with  propellant. 

Vi  =:  Volume  of  tube  filled  with  propellant  (  Jia^l), 

F(aJ  =  Proportion  of  tube  volume  filled  with  propellant, 

■p/  \  =  Proportion  of  volume  of  r.  cylinder  (concentric 

^  with  the  motor  tube)  of  radius  r  which  is 

filled  with  propellant, 

V 2  =  Volume  of  propellant  (V^.F  (a) ) . 

p  =  Density  of  propellant. 

ti  =  '  Viscosity* of  propellant  above  the  yield  point 
( plasto-visco  Sityj , 

n  =  Modulus  of  ri  :idity  of  propellant. 

f  =  Acceleration  of  motor, 

u  =  Final  velocity  of  motor  (in  level  flight  at  'all 
burnt 1 ) . 

v(r)  =  Hate  o'  movement  of  propellant  relative  to  motor 
tube  (d  r.  (r)/dt). 

s(r,!  s  Extent  of  movement  of  propellant  relative  to  motor 
tube , 


T,  TlrT2 


AT 


Temperature, 

Temperature  difference. 
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3.4  Itochanical  Failure . 

The  charge  is  considered  to  have  failed  mechanically  when  it  lias 
deformed  to  an  unacceptable  degree,  or  Ins  cracked  cither  at  the  wall  or 
internally.  The  degree  of  overall  deformation  which  is  acceptable  is  a 
function  of  charge  size,  sliape,  free  space  in  the  gas  conduit  and  rocket 
tube,  etc. ,  but  has  been  taken  as  being  equivalent  to  a  maximum  angle  of 
shear  over  a  largo  region  of  about  -y  radian  or  less,  and.  corresponding  to 
a  figure  of  25  per  cent,  in  the  compression  test,  in  which  a  cylinder  01 
propellant  is  loaded  .Longitudinally  and  its  deformation  is  divided  by  one- 
hundredth  of  the  original  height.  Local  deformations  considerably  in 
excess  of  this  figure  may,  however,  be  encountered  at  lines  of  stress  con¬ 
centration  in  the  charge,  without  unacceptably  large  overall  deformations. 


4.  ROCKPT  :4TCh  RhUIhlfllf . 

4 ,  l  Requirements  for  Continuous  Storage  at  One  Temperature, 

On  continuous  storage  at  a  constant  temperature,  the  weight  oi  the 
propellant  causes  a  steady  stress  in  one  direction.  This  stress  must  not 
cause  an  unacceptable  deformation,  even  when  any  eficct  oi  vibration  or 
.jolting  caused  by  transport  is  superimposed  on  it.  Therefore  the  .'yield, 
point’  (corresponding  to  the  highest  acceptable  deformation  of  half  a  radian] 
must  be  we 13  in  excess  of  this  stress,  and  the  crack  value  must  exceed  the 
deformation  at  any  lines  of  stress  concentration. 


for  a  charge  of  Type  (i)  (Lection  3.2),  the  stress  is  a  hydrostatic 
pressure,  which  will  only  rupture  a  solid  if  the  latter  contains  voids,  assume u 
to  be  obviated  by  inspection  after  manufacture. 

Charge  Types  (ii)  and  (iii)  usually  have  a  ’density  of  loading’  varying 
from  60  to  90  per  cent.  Taking  the  higher  figure,  the  average  shear  stress 
at  the  wall  on  vertical  storage  is:- 


0, 9X  a2l  p  g/2  kal  =  0.45  agp 

In  the  case  of  a  2  foot  diameter  charge  of  propellent ,  of  density  1.3  gn/ml. , 
thi3  is  24,000  dyne s/s qua re  cm.  (about  0.4  p.c.i. ). 


Therefore  the  ’modulus  of  rigidity’  of  the  propellant  (corresponding  to 
a  maximum  angle  of  shear  of  half  a  radian)  must  be  at  least  5  X  10*  dynes/ 
square  cm.  if  it  is  to  bo  used  in  a  motor  of  this  size.  Correspondingly, 
in  the  compression  test,  the  ’Young’s  modulus*  must  be  at  least  1. J  x  10- 
dynes/ square  cm,,  since  Poisson’s  ratio  may  be  taken  as  0,50.  That. is, 
the  equilibrium  compression  with  an  850  gran  weight  must  not  ^exceed  7/  per 
cent.,*  starting  vrith  a  cylinder  1.5  cm.  in  diameter.  The  ’flow-test  ,  in 
which  the  stress  is  applied  by  a  weight  of  200  grams  acting  for  16  hours, 
similarly  must  not  give  a.  compression  of  more  than  40  per  cent.  Neither  01 
these  tests  is,  however,  strictly  valid,  since  in  the  first  place  compression 
can  be  regarded  as  the  sum  of  two  perpendicular  shears  plus  a  liydro static 
pressure,  and  does  not  give  the  same  conditions  as  one. simple  shear,  .while 
in  the  second  place  the  ’modulus’  calculated  for  plastic  propellant  is  a 
function  of  the  degree  of  strain  hardening.  It  is  very  small  indeed  for 
small  strains  and  very  large  for  large  strains,  There  is,  therefore,  a  ncea 
for  carrying  out  a  set  of  * flow  tests’  using  several  different  stresses,  so 


/  that 


COBF  IDEKT  IAh/p  ISCEbET 


c  onf  mm  ia.Lt/disceeet 


that  for  each  propellant  a  family  of  curves  could  be  obtained.  This  was 
done  by  Freeman  (2)  using  a  plastometer  designed  by  A.G.  V,rard  (3)  v.rhich 
gave  a  simple  sliearing  stress,  covering  the  rate  of  shear  as  veil  as  final 
'equilibrium1  deformations,  but  the  method  is  far  too  tedious  to  be  used 
as  a  routine  test. 

The  stress  involved  in  the  'flow  test*  (using  200  grains)  corresponds 
to  the  shearing  force  at  the  wall  of  a  motor  about  40  inches  in  diameter, 
but  it  is  found  in  practice  that  pellets  of  propellant  can  be  squashed  con¬ 
siderably  without  cracking,  whereas  in  rocket  motors  plastic  propellant  may 
crack  after  some  days  of  hot  storage.  This  is  due  to  several  causes  whose 
relative  importance  cannot  be  assepnod.  In  the  flow  tost  there  is  a  small 
hydrostatic  component  of  stress,  absent  or  even  negative  on  the  top  surface 
of  a  stored  charge.  The  cracking  in  a  motor  my  aLsc  be  due  to  'ageing*  of 
the  propellant  or  to  some  discontinuity  in  the  surface  causing  a  stress- 
concentration.  Even  with  apparently  simple  symmetrical  models,  such  a3  lap 
joints,  Mylonas  (4)  lias  shewn  that  stress-concentrations  occur  on  the  surface 
of  an  adhesive  in  a  way  quite  unpredicted  by  elementary  considerations  such 
as  those  used  in  this  Note. 

The  shearing  stress  generated  in  the  propellant  for  charges  of  Types 
(ii)  and  (iii)  degenerates  at  the  bottom  surface  of  the  propellant  into  a 
compression,  and  at  the  top  surface  into  a  tension,  with  a  maximum  value  of 

0.45  a  gp. 

On  horizontal  storage  of  charge  Typos  (ii)  and  (iii),  a  hydrostatic 
pressure  is  generated  at  the  bottom  of  the  charge  which  will  somewhat  diminish 
the  shearing  stress  at  the  side 3  to  r.  value  below  that  for  vertical  storage. 
There  is,  however,  a  vertical  tension  in  the  top  half  of  the  filling,  super¬ 
imposed  on  a  shearing  stress,  the  latter  falling  to  zero  and  the  former 
rising  to  a  maximum  at  the  very  top.  The  value  of  this  maximum  tensile 
stress  is  not  more  than  0.45  a  p  g  (0.4  p.s.i.  for  a  24  inch  tube). 

For  charges  with  endrings,  Types  (iv)  and  (v) ,  the  general  run  of  stress 
is  very  similar  to  that  in  charges  without  endrings,  except  in  the  neighbourhood 
of  the  endrings.  Owing  to  the  complicated  nature  of  the  problem  no  stress 
analysis  has  been  mafic.  On  vertical  storage  there  will  be  a  tensile  stress  in 

the  propellant  at  the  top  endring  and  a  compression  near  the  bottom  endring. 

The  weight  of  the  charge  will  be  supported  partly  by  the  endrings  and  partly 
by  the  vertical  walls  of  the  tube.  Considering  a  point  in  the  propellant 
very  near  to  the  top  endring,  and  some  distance  from  the  wall  of  the  motor,  a 
small  vertical  displacement  in  the  propellant  will  give  rise  to  a  relatively 
high  tensile  strain  of  the  material  between  this  point  and  the  endring,  com¬ 
pared  with  the  amount  of  shear  between  the  point  and  the  motor  wall.  Hence 
the  main  part  of  the  weight  of  the  propellant  near  the  endring  is,  in  fact, 
taken  by  tensile  stress,  and  only  a  small  part  by  shear.  If  the  endring  is 
perpendicular  to  the  axis,  the  tensile  stress  ;rill  clearly  be  greater  than 
when  a  conical  endring  is  used,  for  the  latter  will  support  the  weight  of  the 
propellant  partly  by  a  shearing  stress  and  only  partly  in  direct  tension. 

(This  fact  was  first  realised  and  incorporated  intv.  a  motor  design  by  0-.W, Slack 
and  C,G,  Grant) . 

The  question  of  the  relative  stresses  near  the  endring  and  in  the  main 
part  of  the  c) large  might  be  solved  mathematically,  but  the  most  promising 
immediate  attack  on  the  problem  is  by  the  use  of  photo  elastic  models.  Work 
on  this  is  now  in  hand  at  3.R.D.E. 
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4 ,  2  Requirements  :'or  To:  -  icraturc  Cyclln; 

The  propellant  has  a  eon si  le  rally  higher  coefficient  of  expansion  than 
the  tubing,  the  difference  for  plastic  propellant  amounting  to  some  3/“  by 
volume  when  integrated  over  the  widest  range  of  temperature  required,  J140PF . 
to  -65°?,  (+60°C.  to  -54°C.)  ,  -and  for  colloidal  propellants  to  some  5/  by 
volume. 

It  is  convenient  to  assume  that  the  rocket  tube  is  rigid,  and  that  the 
bulk  modulus  of  the  propellant  is  infinite,  so  that  the  stresses  involved 
arc  always  sufficient  to  cause  a  change  in  shape  of  the  charge  exactly 
equivalent  to  the  differential  expansion  involved,  (in  fact,  on  heating, 
the  charge  will  tend  to  expand  more  than  the  tube  and  cause  a  hoop  stress  in 
the  latter,  and  on  cooling  the  reverse  will  happen.  This  stress  in  the  tube 
could  only  be  calculated  if  the  bulk  moduli  etc,  concerned  were  known.  It 

is  sufficient  to  say  that  plastic  propellant  has  never  yet  been  known  to  burst 
a  tube  on  temperature  cycling,  but  cordite  has.  It  will  probably  be  far 
easier  to  determine  the  transient  and  steady  stresses  in  the  tube  by  means  of 
direct  measurement  with  strain  gauges,  etc. ,  than  to  try  to  calculate  them 
after  measuring  bulk  moduli,  specific  heats,  thermal  conductivities,  the  shear 
modulus  of  the  propellant,  etc.  -  all  over  a  range  of  temperatures) . 

In  the  case  of  the  first  charge  shape,  cigar-burning,  tho  expansion  is 
constrained  by  the  supporting  pot  so  that  all  the  change  in  vo lure  is  manifest 
as  a  change  in  contour  of  the  free  surface,  as  sketched  in  Figure  2(i). 

Y/ith  good  adhesion,  the  edge  of  the  propellant  surface  cannot  move,  and  tho 
constraint  is  a  maximum  here  and  a.  minimum  in  the  centre.  For  a  Hookcan 
elastic  solid,  the  change  in  contour  of  the  surface  of  the  propellant  will  be 
a  meniscus  of  a  paraboloid,  given  by: 

§  =  2(1  -  AV). 


On  this  basis,  the  angle  of  shear  at  any  point  on  the  surface  is  given 

by:  /2 

e  =  <V  dr  / 

jTq 


Taking  the  figure  of  3/  differential  expansion  previously  quoted, 

I T2  a2  =  3  1 J\  00 

oT  f 

Hence,  0  =  d/dr  [0,06  1(1  -  r2/a:0  ] 

=  -0. 12  1  r/a2 

At  the  wall  of  the  tube,  Q  ];r.x.  =  -0,12  1 /a. 

In  other  words,  for  cycling  between  +60°C .  and  -5k°C.  without  failure 
the  propellant  must  withstand  repeated  cyclic  shearing  through  an  angle  of 
0.12  1/a  radians,  that  is,  approximately  0.001  lAT/a  radians,  where  AT  is 
the  temperature  range  in  centigrade  degrees. 


If  strain-hardening  occurs,  as  with  plastic  propellant,  this  maximum 
angle  is  lessoned,  because  the  propellant  near  the  motor  wall  gives  a  higher 
resistance  to  shear,  and  the  extent  of  flow  as  a  function  of  r  is  no  longej 
paraboli  o. 
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In  practice  P. I.E.  plastic  propellants  have  successfully  "withstood 
cycling  between  +60°C ,  and  -40°C,  for  a  number  of  cycles  with  a  value  of 
l/a  of  4.8,  giving  0  a  value  of  about  0,5  radian. 

In  the  case  af  a  cigar-burning  cl  large  open  at  both  ends,  there  is  a 
piano  of  symmetry  in  the  middle  and  for  a  given  maximan  angle  of  shear  a 
double  length  can  be  used.  This  is  subject  to  the  proviso  that  gravitational 
stresses  are  not  serious,  i(c,,  that  ’a*  is  small, 

For  charge  shapes  (ii)  to  (v)  with  internal  conduits,  temperature 
cycling  causes  little  end  flow,  since  there  is  comparatively  free  scope  for 
lateral  expansion  into  the  gas  conduit,  with  a  longitudinal  constraint, 
to  adhesion  to  the  walls  (and  endrings,  if  present), 

Subject  to  the  above  postulates,  the  change  in  area  of  the  gas  conduit 
is  equal  to: 


JL 

dT 


(V1  ~  V2? 
(  1  ) 


Typical  figures  for  plastic  propellants  in  steel  arc: 


da  _  dl 
dT  dT 


0.000011  per  0°. 


av2 

dT 


0,005  to  0,00/4.  per  C°,  (average  0,0035) 


On  this  basis,  the  table  below  gives  gas  conduit  volumes  at  different 
temperatures,  expressed  as  a  percentage  of  the  value  of  V-,  at  60°C,,  for 
three  loading  densities.  x 


60°C.  (l/.|.0°F.) 

0°C. (32°F.) 

-54°C. (-65°s) 

(i)  : 

10,0 

11. 7 

13.2 

(ii) 

30.0 

31.5 

32.8 

(iii) 

90.0 

90.1 

90.1 

If  (i)  represents  a  cylindrical  conduit,  there  will  be  a  15  per  cent, 
change  i:i  its  perimeter  between  60°C,  and  -54°C,  In  the  case  of  a  star- 
shapetL  conduit,  stress  concentration  occurs  and  the  elongation  pe rnendicular 
to  the  lines  of  maximum  stress  concentration  might  be  increased  by" a  factor 
of  2,  3  or  so  (no  true  figure  is  known).  Clearly,  the  'crack  value'  of  the 
plastic  or  highly-olastic  propellant  must  be  at  least,  say,  40  per  cent, 
to  withstand  3uch  conditions,  and  the  charge  shape  must  be  chosen  so  as  to 
minimise  stress-concentration.  Furthermore,  the  propellant  must  not  exhibit 
1  atigue  which  would  allov/-  it  to  crack  after  several  temperature  cycles. 
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A  suggested  basin  for  fatigue  re si nuance  in: 

(a)  A  thousand  temperature  cycles  between  extreme  day  and  night 
conditions  in  a  dry  continental  climate,  say  •  to  100oi''l? 
co rre spending  to  i  6  pur  cent,  deformation  at  20  -  25°C. 

(b)  A  few  -  nay  twenty  -  cycle::  representing  win  ter  arctic  blizzards, 
involving  a  fall  of  temperature  from  -15^-f  *  to  -63°^* 
corresponding  to  i  5  per  cent,  deformation  at  — AO^G*,  together 
with  a  ’brittle  point1  be  lot; 

(c)  A  very  lev;  cycles  representing  either  aircraft  i lights  £ run 
the  tropics  to  the  stratosphere,  or  also  transits  from  a 
summer  tropical  to  a  winter  arctic  none,  corresponding  to 

h  20  per  cent,  deformation  at  20  -  25°C , 

There  seems  to  be  no  reason  why  (c)  might  not  be  re slide ted  Lo  3  or  10 
cycle  s ,  followed  by  scrapping  of  the  nrmnii  tion,  if  that  solution  were  the 
only  one  available. 


The  cUmgo  in  si  so  of  the  gas  conduit  is  associated  with  a  change  in  sur¬ 
face  area  of  the  propellant,  proportional  to  the  square  root  of  the  cross- 
sectional  change  for  a  simple  cylinder,  but  to  loss  than  this  in  the  case  o  1 
a  star- sect  ion.  This  is  one  reason  why  the  ballistics  of  plastic  prujicl'lnutn 
are  less  tonrpcreturo’-d;ix.)  dent  than  those  of  cordate  rochets,  whore  the 
surface  area  actually  lucres  see  with  temperature*  In  fact,  the  toiiiporature 
coefficient  with  plastic  propellant  will  vary  a  little  with  too  cnarge  dr.a. * 
Conversely,  however,  if  a  rue kef  is  de  signed  to  have  a  conduit  not  much  larger 
than  the  venturi  throat,  the  rate  of  ;as  flow  over  the  plastic  propel  lain 
relatively  enhanced  by  a  rise-  in  tempo  r-a  t  u  r  c ,  This  no  c  e  a  u  i  a  t  o  s  1  j  mo  i  o 

strict  limitation  ox*  gas  velocities  ( that  is  port/ conduit  area  ratios)  in  On ■ 
case  of  plastic  propellants,  which  is  serious  in  the  case  ol  rapid-hnnun^ 
motors.  There  is  a  marked  tendency  to  secondare;  pressure  peaks  under  sixcl, 
conditions,  which  my  trail  be  accent uatod  by  these  considerations. 

In  addition  to  the  stress  concentration  at  re-entrant  surfaces  in  the 
gas  conduit,  there  is  also  a  stress  concentration  at  points  whore  the  suzi'ace 
of  the  propellant  is  stuck  to  metal.  As  indicated  in  previous  paragraphs 
the  calculation  of  actual  stress*  /  oouna  to  be  impossible.  Again,  hov/cver, 
the  virtues  of  conical  andriugc,  the  cone  and  cylinder  charge  shape,  are 
evident , 


Routine  testing  eh  d..s.t;-c  propellant  is  at  present  confined  to  temper¬ 
atures  of  2h°C .  and  6C°C  ( ,  and  to  a  botereimtion  of  ’brittle  point1,  the 
latter  being  appreciably  hi  luoncod  by  the  rate  of  strain  arbitrarily  chosen. 

As  first  pointed  out  by  iv-olt,  in  tf.  -  case  o  '  failure  on  tempo  nature  eye  \  in£  , 
the  change  in  riXologica.l  p,  in  the  t...n  degrees  or  so  above  the 

nominal  brittle  point  is  vf  parru^mni  h”soil.tmeef  and  more  vrark  in  this  fa  Id 
is  planned. 

In  order  to  study  fatigue  thii  roper' ted  temperature  cycling,  a  plan  to- 
meter  has  been  uadi;  in  vhicj  .  sal^ cl  of  plastic  (or  highly  elastic) 
propellant  is  rep.  etodly  uo;  pressed  ■  nd  stretched  by  a  link  jx'Chanism  driven 
from  an  eccentric  operated  by  a  geared- down  metric  motor*  3o  far,  moasuru- 

merit s  with  this  machine  liuv.  boon  --t  room  temperature*  There  is  n  corrclr.tioit 
between  the  logarithm  of  tlx  •  arbor  of  eye 1  to  > ilur..  and  the  solitude 
of  movement .  but  much  re  re  work  with  different  propellants  at  controlled 
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temperatures  and  slower  rates  of  deformation  is  required  before  far-reaching 
conclusions  on  the  ultimate  serviceability  of  plastic  propellants  after 
exposure  to  severe  cycling  can  be  drawn.  The  development  of  F#I#3, 
propellants,  which  allow  cycling  over  very  much  wider  temperature  ranges 
than  heretofore,  has,  however,  directed  attention  to  fatigue  failure  of 
propellants  on  repeated  cycling, 

4 . 3  Rough  Usage, 

The  currently-accepted  test  is  a  free  drop  of  six  feet  on  to  strong 
concrete.  The  motor  is  accelerated  at  a  rata  rg*  over  those  six  feet,  and 
brought  to  rest  in  a  distance  given  by  the  deformation  in  the  concrete  and 
metal  member  immediately  in  contact  with  it;  it  is  then  accelerated  upwards 
again  to  an  extent  depending  on  the  coefficient  of  restitution.  The  fact 
that  heavy  clastic  natal  objects  do  not  bounce  much  is  an  indication  that 
the  majority  of  the  energy  is  absorbed  by  the  concrete,  so  presumably  its 
deformation  is,  say,  some  five  times  that  of  the  metal,  A  figure  of  a  tenth 
of  an  inch  for  heavy  objects  seems  reasonable,  therefore;  the  acceleration 
is  then  of  the  order  of  720  g  applied  for  a  time  of  about  1  millisecond* 

This  imposes  a  maximum  shear  stress  of  about  320  a  gp  .  For  a  five- inch 
motor  this  is  about  SO  p.s.i, ,  and  for  a  twenty  four-inch  motor  about  300  p.s.i. 
It  is  not  known  what  the  limit  is  for  plastic  propellant ,  but  five- inch  and 
eight- inch  motors  will  withstand  several  drops  without  adhesive  or  cohesive 
failure.  The  expense  o  *  this  test,  in  man-hours  needed  to  replace  damaged 
metal  components,  etc.  ,  has  precluded  veiy  extensive  trials. 

In  1948 ,  some  pellets  of  plastic  propellant  were  fired  from  an  airgun  at 
a  steel  plate,  mainly  at  -20°C.,  but  the  correlation  of  results  with  the 
brittle  point  of  the  propellant  measured  in  otter  v/ays  was  poor,  and  the  use 
of  such  a  test  as  a  means  of  controlling  the  effect  of  novel  ingredients,  etc,  , 
was  not  considered  while*  So  far,  apart  from  using  binders  of  low 

brittle  point,  and  salt  grist  specifications,  wetting  agent,  etc.,  to  give  an 
acceptable  c r?.c a  value,  there  has  been  no  systematic  work  to  try  to  decrease 
the  brittleness  of  plastic  propellants  to  sudden  severe  impact,  nor  at  present 
does  there  seem  to  be  a  need  for  such  work,  as  there  is  with  colloidal  propellant 

4- A  Firing, 

4 .4.1  Hydrostatic  Pressure, 

The  main  effect  of  firing  rocket  motors  is  to  subject  the  propellant  to 
hydrostatic  pressure,  Tliir  is  believed  to  have  no  effect  on  colloidal 
propellants,  but  there  is  contradictory  evidence  with  plastic  propellants. 

On  the  one  hand,  the  results  oi  the  standard  compression  test  appear  to  be 
independent  of  applied  gas  pressures  (up  to  1,000  p.s.i, )  yet  on  the  other 
hand  the  triaxiaj  shear  test  (lj)  indicates  that  hydrostatic  pressure  causes  a 
marked  increase  in  the  internal  friction  in  the  propellant,  enabling  it  to 
support  an  excess  compressive  force  in  one  direction,  of  up  to  half  the  hydro¬ 
static  pressure,  for  a  relatively  small  deformation*  Further  work  is  in  hand. 
Such  an  effect  would  enable  the  propellant  to  withstand  much  higher  set-back 
forces  than  would  be  calculated  from  its  properties  under  atmospheric  pressure , 
but  it  is  not  allowed  for  in  the  following  treatment.  It  may  be  pointed  out 
that  during  a  boost  period  the  main  motor  of  a  missile  Is  being  accelerated 
in  the  absence  of  hydrostatic  pressure. 

Otter  important  off  eats  caused  by  firing  the  rocket  arc  setback  due  to  the 
inertia  of  the  propellant  against  the  acceleration,  a  steady  pressure 
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difference  between  the  hi  -I  jn,  and  venturi  .  d  of  the  filling,  and  transient 
pressure  differences  due  b1  i~nit ion  or  ; coratary  proanuro  peaks, 

4.4.2  i)ilatioi  o  '  fv:et 

The  hydrostatic  a  =  pr  nure  eau;  tiiL  rocket  tube  to  dilate  to  an 
extent  given  by  the  lie,'  .f  r  divided  the  Young1  s  modulus,  that  is 
aP/tE*  It  is  conveidcn  in  a^icticc ,  however,  to  relate  the  deformation 
directly  to  the  elon  jitioh  at  the  yi_Jd  ■  -oint  of  the  natal  divided  by  the 
factor  of  safety,  ’hi::,  in  urilikely  to  exceed  *y-ljj  for  any  metals  now  envisaged. 

There  will  bo  a  longitudinal  strain  equal  to  half  the  circumforontial 
strain  (P/tE  times  %^) , 

Por  propellants  stuck  to  •  he  lucket  tube,  as  discussed  before ,  the  deform¬ 
ation  at  the  surface  of  tb  gas  conduit  may  rise  to  some  10-13$  at  linos  of 
stress  concent  rat  ion  s  corro:  tnovii.no  to  linear  expansion  of  the  tube  tires 
ninefold  density  of  loading  factor  times  threefold  stress-concentration  factor. 
At  low  temperatures*  thi,  superdniJOsod  on  the  tlcfoimation  already  present 
due  to  temperature  cycling, 

4.4.3  Effects  of  Air  Inclusions, 

The  inclusion  of  air  in  p3.nst.ia  propellants  (or  any  other  solid  propollru1  ■; 
can  have  disastrous  effects.  The  U.  5i-  of  dispersed  air,  which  is  the  maximum 
amount  allowed  by  the  British  plastic  propellant  density  specif ioat ion,  can, 
on  the  above  arguments,  cause-  an  additional  deformation  of  up  to  7$  at  lines  o' 
stress  concentration,  Before  de-aeration  was  introduced,  the  air  content  wa 
often  by  volume,  This  cou].d  cause  local  deformations  at  the  tips  of  th* 

star-section  condui  of  so  jo  inof.  The  effect  of  large  individual  air  bubble  i, 
could  be  worse  still.  If  is  believed  that  many  of  the  variable  ballistic 
results  obtained  in  early  trials  with  plant ic  propellants  Were  due  to  air 
inclusions.  The  effect  would  be  greatly  accentuated  at  lower  temperatures 
(but  temperatures  normally  reckoned  considerably  above  the  1  brittle  point1  of 
the  propellant)  due  to  the  extremely  high  rote  of  dofom/inti on  imposed  on  a  very 
highly  viscous  and  sluggish  mt^rial. ,  alxcady  dei’u lined  by  differential  r %|in.urvinn, 
causing  rupture. 

It  must  be  emphasised  th  '  the  assumptions  made  above  arc  of  the  worst 
possible  coiidi  t-iom,  ftxvss-oniicmifrat iors  in  u  strain-hardening  material 

arc  conspicuous  by  their 
have  so  far  not  come  into 
.t  the  future  is  problematical 
for  any  propellant  of  lot:  bulk  ‘lodnlus,  dut  t.  air  inclusions,  fissures  or  any 
other  cause,  and  that  very  careful  mu  side  ration  of  stress  concentration  and 
the  temperature  cycling,  etc.  ,  to  bo  withstood,  must  be  given  to  new  mo4 or 
designs  which  have  very  high  densities  of  loading.  Variants  of  simple 
cylindrical  charge  shapes  have  much  to  coix  end  them,  as  regards  stress  concert- 
trai:  ion, 

4- . h . h-  Cutback  forces. 

Those  have  an  effect  similar  to  vertical  storage,  but  tiro  stress  is 
multiplied  by  the  accoj  cation  (reohnnud  in  teirms  of  ,gl)  and  the  duration  is 
only  1  to  4-0  seconds,  or  so,  The  *  flow  test*  results  cease  to  bo  significant 
and  the  stabilisation  du.  to  strn:m-hai'douing  of  plastic  propellants  is  no 


are  believed  to  be  ro  rol  y  thr>  ■  m  'o  ...  I  (me  a .  ;u  to:;  x-j  n;  :: 
absence),  and  dens l1:; os  o'  loading  as  Liffli  as  9(j/: 
regular  use,  Ifevortlieloso,  it  is  aulte  clear  th 
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longer  sufficient  to  prevent  flow.  The  limiting  acceleration  with  which 
strain-hardening  can  cope  if  of  the  order  of  60  g  for  5- inch  rockets  and 
probably  10  g  for  very  large  rockets.  Even  this  corresponds  to  a  deform¬ 
ation  that  would  be  unacceptable  in  many  charge  shapes, 

4,4.4. 1  Plastic  Plow, 

There  are  two  useful  ways  of  considering  the  problem.  For  plastic 
propellants,  the  rate  of  flaw  is  slow,  due  to  the  high  viscosity.  If  we 
base  the  estimate  of  viscosity  on  the  initial  rate  of  deformation  in  the 
plasticity  test  at  the  highest  temperature  measured  (60°C ,  or  140°F. ) , 
typical  figures  are  10?  noise r  for  P, I.B.  propellants  and  2  x  10»  poison  for 
dispolcnc  propellants.  In  any  case,  the  latter  are  unsuitable  for  full 
Serri.ce  use,  so  the  former  figure  will  be  used.  It  is,  in  fact,  limited  by 
the  processing  machinery  at  present  available  and  the  highest  tempo rature  of 
processing  that  can  bo  used.  If  it  were  possible  to  work  at  1Q0°C,  in 
place  of  70°C , ,  the  'viscosity'  of  the  propellant,  would  be  much  higher  at 
CCjC,  ,  the  highest  likely  temperature  of  usage.  The  viscosity  will  also 
undoubtedly  depend  on  the  rate  of  deformation,  but  no  measurements  on  this 
effect  have  been  made.  The  initial  rate  of  deformation  in  the  plasticity 
test  would  be  relevant  to  normal  rockets,  but  not  to  gun- launched  motors. 

For  single-stage  rockets  with  a  very  light  warhead,  the  maximum  overall 
G,I,  is  unlikely  ever  to  exceed  150  sec.,  or  for  boosted  rockets  250  see. 
Hence,  the  integral  of  the  acceleration  over  the  time  of  burning  could  not 
exceed  250  g  sec,  or  8,000  feet/ sec,  in  level  flight.  Practical  velocities, 
with  a  normal  payload  and  air  resistance,  are  a  quarter  to  a  third  of  this, 
For  present  purposes,  allowing  a  factor  of  safety,  a  final  velocity  of  4,000 
feet/ sec.  is  taken. 

Tim;  average  stress  at  the  surface  of  an  axial  cylinder  of  radius  r ,  in 
the  propellant,  is: 


Jtr2  1  pf,  P(r)/2  m r  1  =  y  pfr  F(r) 


The  gradient  of  rate  of  flow  of  the  propellant,  with  respect  to  r,  is: 


dv/dr  a  (stress  -  yield  value )/r\ 


The  effect  of  the  yield  value  is  to  diminish  if  (r)  by  an  amount  depend¬ 
ing  on  the  deformation,  but  becoming  constant  for  largo  deformations,  and 
giving  a  correction  of  the  order  of  1.5  per  cent,  for  a  2  foot  diameter  motor 
accelerated  at  50  g,  Neglecting  thin  yield  value: 


is: 


dv  =  p  f  r  F(r)  dr/2  p 

Integrating  over  th-„  po riod  of  the  acceleration: 

6s  -  pu  r  F(r)dr/2rj 

Integrating  witli  respect  to  r,  the  overall  flow  of  the  innor  uurlace 

,  a 


s 


_£u 

2*n 


£ Ji 
2  h 


.  s  «  0,10  pu  a2/r) 
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Since  the  contribution  to  this  flow  of  the  layers  of  propellant  nearest 
the  axis  is  small,  r.  star-centred  charge  (with  the  same  density  of  loading) 
would  give  nearly  the  sane  result. 

If  p  a  1,8  gm./cc.  u  =  120,000  cm, /see.  (4., 000  foot/ sec.) , 

a  =  30  cm,  and  p  =  107  dynes/ square  cn./strob,  the  extent  of  flow  would 
be  2.0  cm.  This  is  about  the  limit  likely  to  be  acceptable  for  a  conventional 
charge  shape ,  since  the  venturi  endring  vrould  divert  the  displaced  material 
into  the  gas  conduit  (but  would  add  to  the  local  resistance  against  deform¬ 
ation  so  that  the  material  actually  displaced  vrould  be  spread  some  few 
centrimetros  up  the  conduit).  In  the  case  of  a  boosted  sustainer  motor,  much 
of  this  flow  would  occur  before  actual  ignition  of  the  propellant,  causing 
erosive  conditions  which  might  lead  to  excessive  pressure.  Similarly,  at 
the  head  endring  there  would  be  a  drop  in  web  thickness  which  would  lead  to 
the  exnosure  of  metal  before  burning  had  finished. 

Both  these  conditions  could  be  overcome  to  some  extent  by  the  use  oi 
gently  tapered  conical  or  modified  skirted  ondrings,  and  it  might  also  pay  to 
pare  away  some  of  the  propellant  for  a  distance  of  a  few  inches  near  the 
venturi  end,  as  has  been  done  experimentally  vrlth  a  star-contred  5 "inch  motor, 
without  reducing  the  web  thickness. 

A  more  speculative  method  of  minimising  set-back,  suggested  independently 
by  several  people,  vrould  be  to  include  a  wire  frame,  or  similar  device, 
embedded  in* the  propellant  and  fixed  to  the  head  end,  so  as  to  impose  an  added 
viscous  drag. 

Similar  arguments  apply  to  the  case  of  a  gun— launched  rocket.  The 
overall  velocity  will  be  no  higher  than  that  of  a  boosted  rocket.  In  this 
case,  however,  there;  is  a  possibility  of  an  appreciable  transient  elastic 
strain  superimposed  on  the  plastic  flow  of  the  propellant.  No  special  measure" 
ments  of  elasticity  of  plastic  propellant  have  yet  been  made ,  It  can  be 
deduced  from  the  negligible  elastic  component  of  deformation  in  the  normal  ^ 
plasticity  test  that  the  modulus  of  rigidity  is  certainly  not  less  than  5  x  10  1 
dynes/square  cm. 

To  sum  up,  there  is  a  very  good  prospect  of  being  able  to  use  P.  I.’  . 
plastic  propellants  in  all  rocket  motors,  including  those  boosted  or  gun- 
launched,  up  to  a  size  limit  of  at  least  2  feet  in  diameter.  Individual 
charge  designs  which  introduce  new  factors  of  size  and  acceleration  will  have 
to  be  examined  more  fully  to  confirm  this,  II  the  density  oi  loading  is 
reduced,  the  size  limit  is  increased. 

A. 4. A. 2  Elastic  birain. 

For  a  highly-e las  tic  propellant  of  negligible  internal  viscosity,  set¬ 
back  will  cause  an  elastic  deformation.  For  the  internal-conduit  charge 
shape  previously  considered,  the  main  stress  i3  a  shear.  The  strain  at  the 
wall  of  the  tube  is  0. A3  apf/n,  where  n  is  the  modulus  of  rigidity. 

For  large  rockets,  it  lias  been  stated  that  f  will  not  exceed  50  g. 

Hence,  for  a  2  foot  diameter  motor,  the  strain  at  thr:  wall  of  the  tube, 
calculated  as  above,  is  1.21  x  ICP/n  radians.  Integrating  over  the  web 
thickness,  the  linear  setback  at  the  inner  surface  of  the  propellant  could 
be  as  high  as  8  x  106/n  era,  (The  severe  at  possible  conditions  have  again 
been  postulated).  The  modulus  of  rigidity  of  a  typical  30ft  natural  rubber 
is  about  3  or  A  x  10(j  dynos/squore  cm, /radian.  This  would  give  about  2  cm. 

deformation,  as  for  a  plastic  propellant. 
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Any  viscous  resistance  of  rubbeiy  materials  has  been  neglected*  This 
is  considered  to  be  quite  valid,  and  simply  implies  that  the  modulus  should 
be  measured  in  the  laboratory  under  much  the  same  rate  of  loading  as  is 
encountered  in  use.  In  fact,  the  molecular  rearrangement  associated  vat h 
high  elasticity  is  normally  the  internal  straightening  of  molecules,  which 
can  usually  occur  without  Lhu  need  for  macroscopic  vJscous  flow  between  various 
molecules. 

The  case  of  a  gun-launched  rocket  filled  with  a  high-elastic  propellant 
forms  an  interesting  contrast  with  plastic  propellants;  the  deformation  is 
proportional  to  the  acceleration,  whereas  with  the  plastic  propellant  it  is 
independent  of  the  acc  cl  a  ration.  Hence,  under  high  accelerations,  plastic 

propellant  will  behave  bettor  than  elastic  (assuming  its  cohesive  strength  is 
not  exceeded  by  the  applied  acceleration  stresses). 

The  linear  setback  of  elastic  propellant  is  proportional  to  the  square  o. 
t]ie  vfcb  thickness  and  the  riiaximiim  angular  strain  directly  to  the  web  thicknos 
Hence  the  maximun  permissible  acceleration  will  be  inversely  proportional  t 
the  diameter  of  the  rocket,  or  to  the  square  of  the  diameter,  ng  cn 

whether  the  propellant  ruptures  before  reaching  its  highest  acceptable  defers 
at  ion,  A  figure  for  soft  rubber  in  o  3 -inch  motor  would  bo  of  the  order  oi 

500  g.  A  rigorous  examination  of  such  a  system  would  be  complicated  by 

pulses  of  deformation  bning  reflected  at  endring s ,  etc, ,  since  the  speed  0^ 
transmission  of  longitudinal  vibrations  in  rubber  is  relatively  lorn 

4,4,5  Pressure  (i-radicnts. 

4.4. 5,1  It  is  possible  that  the  pressure  at  the  head  end  of  a  rocket 
could  exceed  that  at  the  venturi  end  by  as  much  as  200  p,s,if  ,  maintained 
during  the  first  part  of  burning,  in  the  case  of  a  motor  with  a  gas  conduit 
small  compared  with  the  venturi  throat.  This  would  tend  to  displace  tie; 
propellant  towards  the  venturi.  Neglecting  the  variable  contribution  o 
erosive  burning,  the  usual  gas-dynamic  relationship  approximates  to  the  con¬ 
dition  tliat  the  pressure  drop  (on  a  logarithmic  scale)  is  a  function  of  the 
square  of  the  gas  velocity.  The  gas  velocity  will  be  zero  at  the  head  end 
and  will  increase  rather  more  rapidly  than  linearly  down  the  charge  ^ due  to 
the  slight  drop  in  density  and  the  contribution  of  erosive  burning) . 
pressure  gradient  will  therefore  be  voiy  low  at  the  head  end  and  will  inervu^ 
steadily  towards  the  venturi  end;  it  might  reach  10  p.3,i,/inah  towards  the 
venturi  end.  It  could  bo  greatly  reduced,  if  required,  by  tope  ring  tne 
conduit  in  the  way  mentioned  above;  to  overborne  the  effect  of  setback. 

The  shearing  stress  corresponding  to  a  pressure  gradient  of  10  p.s.l, 
per  linear  inch,  assuming  that  it  is  transmitted  freely  as  a  hydrostatic  ^ 
pressure  within  the  charge  (the  worst  possible  condition),  is  280,000  dynes, 
square  cm, /cm*  This  will  cause  a  steady  flow  in  a  plastic  propellant,  or  a 

strain  in  an  elastic  propellant. 

A .4.5.2  The  rate  of  flow  at  the  conduit  surface  of  a  plastic  propel  lari 
of  viscosity  107  poises  will  be  280,000  v/lO?  cr/scc. ,  whore  V  is  the  we b 
thickness. 

In  a  2  foot  diameter  motor,  'w*  will  not  exceed  6  inches  (15  cm.  )  »  30 
thp  *»Tb©nt  of  flow  iii  1  second  might  attain  4  mm, 

4,Jl;.  5.  3  Tp0  a-irsin  in  a  iondi ng  soft  elastic  propellant  (if 

n  =  4  x  1<  f‘  .lyncti,  'a.jTinvn  ov-.  1  .muld.  bo  1  cm,  One  second  is  a  reasonable  time 
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to  assume,  since  the  conditions  of  hr-)i  pressure  gradients  very  rapidly 
subside  as  the  gas  conduit  bums  to  a  larger  diameter. 

It  may  be  concluded,  that  the  maximum  permissible  sustained  pressure 
gradient  in  large  rockets  is  of  the  order  of  10  p, s. i,/ inch, 

4 ,4. 6  Igniter  I 'oak  ■  re ::  syrup 

Those  are  much  more  transient  than  those  considered  above,  so  that  they 
can  bo  ignored  in  the  cast,  of  bodily  flow  of  highly  viscous  plastic  propellant 
However,  there  is  a  possibility  that  the  'viscosity*  my  fall  off  at  very 
rapid  rates  of  shear,  that  is  under  high  stresses,  due  to  elasticity.  There 
is  a  further  possibility  that  the  'crack  value1  as  normally  measured,  in  a 
time  of  the  order  of  a  few  seconds,  docs  noli  truly  represent  the  crack  value 
under  shock  loading.  Further  work  on  those  problems  i3  re quired. 

For  elastic  propellants,  in  the  same  way,  the  physical  properties  at 
very  high  rates  of  loading  are  required.  There  is  a  chance  of  setting  up 
severe  longitudinal  waves  unless  the  degree  of  internal  damping  is  high. 

Actual  conditions  in  a  rocket  might  be  studied  by  X-ray  flash  photography,  but 
an  exploration  in  terns  of  direct  laboratory  measurement s  of  the  physical 
properties  concerned  is  always  valuable, 

Secondary  n  res  sure,  (ip  Ljonanco).  peaks  are  not  well  enough  studied  to 
predict  their  effects.  Judging  f ror  sene  buvth-out  experimental  plastic 
propellant  motors,  resonance  car.  cause  rlsy  Llimic  variations  in  propellant 
thickness  of  several  millimetres,  Th;.  oropellnnt  in  question,  at  ambient 
temperatures,  had  a  'viscosity'  of  only  fi  x  10^  poisos,  dropping  to  1  x  10^ 
ar  60°C ,  It  is  hoped  that  th<  use  of  such  itpro  viscous  compositions  will 
rondo r  thi s  t ruub 3 .e  no gl i : p .1  le, 

4.4*  7  Rotation  and  C-utdancL.  . 

If  a  plastic  or  elastic  props] 3 ant  rocket  is  rotated,  about  its  own 
the  main  centrifugal  force  is  taken  by  the  walls  of  the  tube,  and  tl tej.w  will 
simply  be  a  hydrostatic  pressure  in  the  filling.  V/liero  the  filling  is  not 
continuous  with  the  contoi  aer,  at  the  ends  of  a  charge  whore  there  arc  no 
cn&rings,  or  in  the  flub  :  a  otai'-ccritrerL  charge,  unbalanced  stresses  will 

occur,  tending  to  force  tin  ropellant  outwards. 

Conditions  at  a  polls  :  u.y  cv  I ndrica]  3hell  of  elastic  filling  will 
be  the  same  as  in  a  direct  compression  test,  where  the  stress  is  that  duo  to 
the  hydrostatic  pressure  gone rated  by  the  column  of  propellant  between  the 
point  considered  and  the  axis  of  the  tube ,  that  is: 

j  p  w^r.  dr  dynamo  qua  re  cm, 

where  w  is  the  angular  velocity  in  at  robs  and  the  integral  is  confined  to 
the  space  actually  occupied  by  propellant. 

For  r.  2  ft.  diameter  charge,  with  9C£o  density  of  loading,  vrith  propellant 
of  density  1,8  gir/cc,,  rotating  at  1  rev/ see.,  the  average  wall  pressure-  is 
approximately :  jq 

7  2  %2  I  r.  ar.  =  29,000  dynes/ square  om. 
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Shis  pres sui^  would  cause  only  0,  compression  in  soft  rubber 
(Y,H.  =  10*  dynes/ square  cm)  and  a  very  slow  rate  of  flow  in  P.  I,B.  plastic 
propellant,  a  decrease  in  web  thickness  of  some  0. 3// sec. ,  falling  to  aero 
on  strain  hardening. 

The  deformation  acceptable  in  •>.  motor  depends  very  much  on  motor  do  sign; 
a  round  figure  might  be  ton  tines  that  given  above.  Again,  for  small 
rotated  motors  filled  with  plastic  propellant .  the  time  of  burning  would  be 
very  short,  allowing  a  design  giving  a  higher  rate  of  flov.*  than  in  larger 
motors.  Special  calculations  should  bo  mr.de  in  every  individual  case,  Rapid 
rotation  (spin-stabilisation)  would  appear  to  be  permissible  only  with  well 
supported  charges, 

If  the  rocket  is  rotated  off  axis .  the  part  of  the  filling  nearest  to  the 
axis  is  subjected  to  a  tensile  stress,  IJ.  I.B,  plastic  propellant  will  elongate 
unacceptably  fast  if  tills  stress  exceeds  about  3  p.s.i.j  highly- clastic 
materials  will  stand  far  mere  than  this,  but  the  shape  of  the  charge  will  bo 
deformed  appreciably  at  20  p.s.i, ,  assuming  the  modulus  of  rigidity  is  3  or 
if  x  10  1  dynes/ square  ora.  If  the  distance  off  axis  is  *x*  foot  and  the  web 
thickness  *w*  inches,  it  follows  that  F. I.B,  plastic  propellant  will  stand 
about  if 00//xw  r.p.m.  and  soft  rubbery  propellants  some  ICKXyVxw  r.p.m, 

Xf  the  path  of  a  I'ocket  is  altered,  the  permissible  sideways  acceleration 
is,  c 0 rre sp 0 n d ingly,  about  45  gAr  for  F,  I.B.  propellants  and  300  g/w  for  soft 
rubbery  propellants.  However,  in  general,  the  rocket  will  be  partly  burned 
at  tMs  stage  of  its  flight,  and  *w*  will  be  less  than  its  original  value. 
Accelerations  up  to  10  g  should  be  tolerated  by  both  types  of  propellant, 
taking  w  as  ifg  inches. 

In  each  of  the  last  cases,  the  overall  flow  of  plastic  propellant  for  a 
sustained  stress  would  require  evaluation. 


5,  DISCUSSION. 


The  main  theme  of  this  paper  is  to  obtain  an  insight  of  the  limitations 
of  propellants  for  large  rocket  motors , 

It  has  been  demonstrated  that  tlic  theoretical  limit  for  present  plastic 
propellants  in  motors  with  a  hisjh  density  of  loading  is  of  the  order  of  at 
least  2  foot  in  diameter.  As  rockets  approach  this  size,  the  specification 
of  the  propellant  will  have  to  be  critically  reviewed  to  ensure  that  the 
minimum  * viscosity*  is  maintained  and  the  1  era ok  value*  is  not  too  low. 

The  *crack  value*  test  may  have  to  be  extended  to  include  rapid  single  loading 
and  repeated  slow  cycling.  Specifications  for  cohesive  and  adhesive  strength 
may  have  to  be  introduced  with  both  very  long  and  vciy  short  times  of  loading. 
Finally,  there  will  probably  be  a  larger  range  of  motor  sizes,  perhaps  up  to 
some  b  feet  in  diameter,  whore  too  usage  of  the  propellant  will  need  to  be 
limited  to  a  low  density  of  loading  or  to  certain  rather  low  temperatures, 
unless  more  robust  processing  machinery  or  higher  processing  temperatures  can 
be  adopted,  with  corresponding  increases  in  * viscosity*  and  cohesive  strength 
of  the  propellant. 

It  has  been  shovm  that  the  limitations  of  plastic  propellants  arc  more 
and  more  serious  as  the  size  of  motor  increases,  as  the  ’viscosity*  falls  and, 
particularly,  as  the  ’density  of  loading*  and  degree  of  stress  concentration 
in  the  motor  rise.  The re  is  a  practical  limit  to  density  of  loading  of 
axial  conduit  charges,  related  to  the  range  of  temperature  cycling,  which  is 
of  the  order  of  85  per  cent,  by  volume  for  the  widest  temperature  ranges, 
rising  to  perhaps  ?0  per  cent,  in  the  case  of  a  motor  with  a  cylindrical 
t,  conduit.  There  is  a  limit  to  the  length/ diameter  ratio  of  cigar^buming 

charges,  again  related  to  the  temperature  range. 
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In  the  case  of  h:*.  lily  clastic  propellants ,  it  has  been  shewn  that  the 
modulus  of  rigidity  o. ‘  a  soft  rubber  (soire  L  x  10&  dimes/ square  cm.)  v;ould 
again  liir.it  char  get;  to  so  0  ?  for*!;  in  diameter  for  lour  accelerations,  and 
to  vciy  much  lallcr  siswa  ''or  hi  gh  accelerations,  The  desirable  shear 
modulus  for  a  Mphly-elasiie  propellant  would  bo  at  least  10?  dynes/ square  cm. 

As  for  plastic  propellants,  the  'crack  value'  (related  to  the  elongation 
at  break)  must  be  high,  say  40  per  cent. ,  for  both  rapid  single  stressing 
and  for  slovr  repeated  stressing  (implying  fatigue  resistance). 

The  nature  of  the  'highly  elastic  propellant'  has  deliberately  been 
ignored  in  the  main  part  of  the  paper;  it  is  immaterial  to  the  considerations 
reviewed  there.  There  arc  numerous  possibilities.  A  soft  cordite 
(c.g.  Hark  I),  especially  if  reinforced  with  carbon  black,  lias  a  sufficiently 
high  elongation  and  modulus  o  '  rigidity.  However,  it  would  become  too 
brittle  around  -2Q°C .  and  under  high  stresses  it  undergoes  'cola  flow'. 
Possibly  it  could  be  rli  •Iff!,  cross-linked  in  a  reproducible  manner,  and 
without  giving  II.  b.  exudation;  or  again,  as  with  some  synthetic  rubbers, 
reinforcement  by  very  fine  fillers  would  help. 

Possibly  an  oxygenated  monomer  wil  1  be  developed  which  could  polymerise 
to  a  rubber,  perhaps  with  suitable  plant icisat ion  by  a  liquid  nitric  03tcr. 
Failing  those  'colloidal'  rubbery  propellants,  a  'composite1  propellant, 
employing  an  inorganic  salt  as  oxidant,  might  be  used.  There  is  already  the 
American  "thiokol"  propellant,  and  dopolyncrioed  rubber  (natural  or  butyl) 
has  been  triad  on  a  small  scale  by  E.R.D.E. ;  further  laboratory  work  is  in 
hand,  mainly  to  elucidate  such  problems  as  wetting  of  the  filler. 

There  is,  however,  another  possibility,  proposed  by  Poole.  That  is  to 
have  a  normal  colloidal  propellant  charge  split  up  into  segments  each  bedded 
in  an  inert  rubbery  material,  free  to  expand  and  contract  at  the  Junctions 
between  the  segments.  This  is  also  being  tested  on  a  small  scale.  Its 
advantages  arc  mainly,  at  first  sight,  associated  with  the  possibility  of 
easier  manufacture  and  inspection,  coupled  with  protection  of  the  cordite  from 
brittle  fracture  at  low  temperatures,  A  variant  of  this  idea,  suitable  for 
many  motor  designs,  would  be  to  use  a  highly-elastic  material  to  inhibit 
colloidal  propellants;  some  work  on  these  lines  has  already  been  done  (6), 

If  this  material  combined  a  reasonably  high  modulus  of  rigidity,  good  tear- 
resistance  ,  etc,,  with  a  porous  or  ribbed  structure,  so  that  it  could  accomo¬ 
date  volume  changes  on  temperature  cycling  and  yet  always  be  a  tight  fit  in 
the  motor  tube,  it  might  be  a  good  competitor  to  the  plastic  or  liquid 
surround  of  the  "Demon"  motor,  and  eliminate  all  difficulties  associated  with 
supporting  colloidal  propellant  charges  on  a  grid,  or  its  equivalent. 

It  is  thought  that  these  considerations  amply  justify  some  work  on  highly- 
elastic  inhibitors,  especially  in  view  of  supply  difficulties  with  ethyl 
cellulose. 
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The  vrark  referred  to  in  this  Technical  Note  has  been  largely  carried 
out  by  or  under  the  direction  of  Mr,  P.R,  Freeman,  vdio  has  done  much  to 
improve  the  mechanical  properties  of  plastic  propellants.  Helpful  dis¬ 
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